Formation of the inner cell mass (ICM) and trophectoderm (TE) marks the first differentiation event in mammalian development. These two cell types have completely divergent fates for the remainder of the developmental process. The molecular mechanisms that regulate ICM and TE formation are poorly characterized in horses. The objective of this study was to establish the transcriptome profiles of ICM and TE cells from horse blastocysts using RNA sequencing (RNA-seq). A total of 12 270 genes were found to be expressed in either lineage. Global analysis of the transcriptome profiles by unsupervised clustering indicated that ICM and TE samples presented different gene expression patterns. Statistical analysis indicated that 1662 genes were differentially expressed (adjusted P , 0.05 and fold change . 2) between ICM and TE. Genes known to be specific to the ICM and TE were expressed primarily in their respective tissue. Transcript abundance for genes related to biological processes important for horse blastocyst formation and function is presented and discussed. Collectively, our data and analysis serve as a valuable resource for gene discovery and unraveling the fundamental mechanisms of early horse development.
INTRODUCTION
During embryo preimplantation development, the first differentiation event occurs at the morula stage, leading to the formation of the blastocyst and the establishment of two distinct cell lineages, the inner cell mass (ICM) and the trophectoderm (TE). The ICM then contributes to form the fetus, whereas the TE will contribute only to placental tissues. The ICM thus constitutes a pluripotent tissue, possessing the capacity to differentiate into all three developmental layersectoderm, mesoderm, and endoderm-and some extra embryonic tissues, including the primitive endoderm (PE). Distinct developmental fates of the ICM and TE are regulated and controlled by their respective developmental programs and expressed molecular functions.
To better understand the process of early embryonic development, it is necessary to decipher the molecular events and regulatory networks that are the basis of early differentiation. Comparative global gene expression profiling of the ICM and TE could help to reconstruct the molecular basis for the fundamental differences between the ICM and TE. In the mouse, microarray studies have been conducted comparing ICM and TE transcriptomes and differences between IVF and in vivo-produced embryos identified [1] . Also, bovine IVFderived ICM and TE have been profiled using microarray [2] and RNA-seq [3] technologies. It has been established that differences between species exist in terms of the molecular determination of the ICM and TE. Horse blastocysts have some unique morphological characteristics when compared to embryos of other widely studied mammalian species, such as humans, mice and cattle. For instance, horse blastocysts achieve a larger size, have a substantially higher number of cells, and form a distinctive glycoprotein protective layer between the zona pellucida and the embryo called the embryonic capsule [4] . Studying the horse blastocyst transcriptome will not only provide general insights into early molecular events of ICM and TE determination but also help uncover the molecular basis of these unique characteristics. Microarray analyses of whole horse embryos have identified some of the basis for these differences [5] ; however, analyses of ICM and TE have not been performed in the horse.
In monovulatory species, in order to get sufficient amounts of sample necessary for transcriptome profiling, it is common to use IVF embryos. Recent advances in transcriptome amplification and next-generation sequencing allow for performing whole-genome studies with limited amounts of materials, including single embryos [6] . This provides the possibility of using in vivo-derived embryos and allows discrimination of interindividual variability in transcription patterns. In the current study, we measured the global gene expression profile and compared underlying differences in gene expression of various cellular and physiological processes of individual ICM and TE samples from in vivo-produced blastocysts using RNA-seq.
MATERIALS AND METHODS

Sample Preparation and RNA Extraction
Animal experiments were reviewed and approved by the Animal Care and Use Committee at the University of California, Davis. Equine blastocysts were harvested from superovulated mares by uterine flush on Day 8 after ovulation as previously described [7] . On average, superovulation treatment resulted in 4.9 6 0.9 ovulations per mare with 2 6 0.4 embryos resulting per flush. Six expanded blastocysts were used for this study (Fig. 1A) . Recovered blastocysts were treated for 10 sec with Pronase (10 mg/ml) to remove the zona pellucida and/or capsule. ICM or TE cells were isolated using immunosurgery and microsurgery, respectively (Fig. 1B) . Immunosurgery was carried out by incubating the embryo with 2% anti-horse whole serum (1 h at 378C; Jackson Immunoresearch, West Grove, PA), followed by repeated washes and incubation with 20% guinea pig complement (1 h at 378C; Innovative Research, Novi, MI). For microsurgical TE isolation, a microblade connected to micromanipulation equipment was used to mechanically separate the TE from the ICM (Fig. 1B) . ICM and TE were individually stored in 20 ll of extraction buffer from the PicoPure RNA Isolation kit (Applied Biosystems, Carlsbad, CA) at À808C. RNA was extracted using the PicoPure RNA Isolation Kit (Applied Biosystems), including DNAse (Qiagen, Valencia, CA) treatment, following the manufacturer's instructions but with a modified RNA elution step. In order to achieve a high concentration of RNA, elution was performed using 7 ll of diethyl pyrocarbonate-treated water, and the eluate was run through the column one more time after the initial elution. RNA quantification and quality control were performed using a high-sensitivity RNA chip with the Experion microfluidic gel system (Bio-Rad, Hercules, CA). RNA quality was evaluated by examining the 18S and 28S ribosomal subunits, quantity, and RNA quality indicator score.
RNA Amplification and Sequencing Library Preparation
Total RNA from isolated single ICM (n ¼ 3) and TE (n ¼ 3) was used as input for the Ovation RNA-Seq V2 kit (NuGen, San Carlos, CA). Output of cDNA was analyzed for correct size distribution with an Experion Standard Sensitivity RNA chip (Bio-Rad) and quantified using a Qubit Fluorometer (Invitrogen, Carlsbad, CA). Amplified cDNA with a size distribution of ;200-500 bp was considered acceptable. Next, 1 lg of cDNA from each sample was used with the TruSeq DNA Sample Prep Kit V1 (Illumina, San Diego, CA) to produce sequencing libraries sized between 200 and 400 bp. Libraries were sequenced at the Vincent J. Coates Genomics Sequencing Laboratory at the University of California, Berkeley, on a HiSeq 2000 apparatus (Illumina) as 100-bp single reads. Quality control of reads was performed using CLC Genomics Workbench (CLCbio, Aarhus, Denmark). Reads with .2 ambiguous nucleotides or low-quality bases were removed based on Illumina quality scores. Also, 9 bp from the 5 0 end of each read were trimmed based on altered GC ratios, as we have previously indicated [6] . Sequenced reads are available under GEO accession number GSE51431.
Read Mapping and Gene Expression Analysis
Read mappings were done using the RNA-Seq Analysis tool of CLC Genomics Workbench 6.0 with default settings (CLCbio). Reads were first mapped to the ENSEMBL annotated genes (EquCab2.73). Unaligned reads were then mapped to the NCBI annotation (Equus caballus 2.0, GenBank; ftp:// ftp.ncbi.nlm.nih.gov/genomes/Equus_caballus; Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org). Finally, remaining unaligned reads were mapped to putative genes discovered using the ab-initio transcript discovery tool from CLC Genomics Workbench (using default parameters). To identify de novo annotated genes, their transcript sequences were BLASTed to the Human RefSeq mRNA database, and official gene names were given to matched transcripts (E-value , 10
À4
). All mappings were combined and reads per kilobase of exon model per million mapped reads (RPKM) values calculated for each gene. Genes with an RPKM .0.4 in at least two samples within a sample type were considered expressed. DESeq was used for differential gene expression analysis using total exon-mapped reads as input and total mapped reads for normalization of read counts across samples [8] . Hierarchical clustering and heat maps were constructed in R using the heatmap2 package and the variance stabilized data file from DESeq as input.
Real-Time PCR
Real-time quantitative PCR was performed using SSOFast EvaGreen Supermix (Bio-Rad) with the following cycling parameters: 30 sec at 948C followed by 40 repeats of 5 sec at 948C, 10 sec at 608C, and finally 15 sec at 728C. Primers were designed using Primer Express (Applied Biosystems). All reactions were performed in duplicate using 20-ll volumes containing 1 ng of cDNA used for RNA-seq and 0.3 lM of each primer. The DDCt method was used for relative quantification and data analysis. The melting curves of each primer pair were evaluated to ensure the absence of nonspecific products and primer dimer formation. RPL15 was used to normalize gene expression levels. Data were then reported as mean fold change (FC). The genes analyzed by qPCR were NANOG, CYP1B1, GPC4, PDGFRA, SPP1, SOX2, and OCT4 and were chosen based on differential gene expression and specificity for the ICM cell lineage. A Student t-test was used to compare log2 FC values across tissue types.
Gene Ontology Analysis
Gene classifications and biological functional annotations were done using the online DAVID database v6.7 [9, 10] . Gene symbols of differentially expressed (adjusted P 0.05) genes in ICM and TE were submitted to DAVID. The human database was used for gene ontology (GO) biological function annotation and reference. After functional annotation clustering using default parameters, the most significant category within each of the most significant clusters was selected.
RESULTS
Overview of RNA-Seq Results
Transcript abundance and differential gene expression were determined in individual ICM (n ¼ 3) and TE (n ¼ 3) samples by RNA-seq. An average of 5.5 6 0.4 and 3.2 6 0.5 ng of total RNA were obtained from single ICM and TE samples, respectively. After single-primer isothermal amplification (Ovation RNA-seq System V2), more than 5 lg of cDNA per sample were available for Illumina Truseq library preparation and sequencing. After read processing, a total of 
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193 million high-quality reads (32 million per sample) were used for analysis (Supplemental Table S1 ).
De novo transcript discovery was performed to enhance the equine genome annotation. A total of 571 newly annotated genes were expressed in equine embryos, of which 306 had a human ortholog. This gene group was enriched for the GO biological processes transcription and response to estrogen stimulus.
Mapping sequentially to ENSEMBL, NCBI and de novo transcripts resulted in 77% of the reads (approximately 25 million reads per sample) assigned to genes. This represented 12 270 genes expressed at RPKM . 0.4 in at least two samples within each tissue. The highest RPKM value was 115 666, indicating a dynamic range of expression spanning seven orders of magnitude. Of all expressed genes, 10 364 were present in both ICM and TE, whereas 1201 and 705 genes were exclusively expressed in ICM and TE, respectively ( Fig. 2A) . Unsupervised hierarchical clustering using all the expressed genes segregated ICM and TE samples into two separate groups (Fig. 2B ), suggesting that each compartment has a distinct gene expression signature. Overall, these results show that global transcriptome analysis of ICM and TE from individual blastocysts by RNA-seq is possible.
Differential Gene Expression Between ICM and TE Samples and qPCR Validation of RNA-Seq Results
A total of 2040 genes were differentially expressed between ICM and TE samples ( Fig. 3 ; adjusted P-value , 0.05). Among these, 1145 were up-regulated (FC . 2) in the ICM, and 517 were up-regulated (FC . 2) in the TE (Table 1) . Lists of all genes up-regulated in either ICM or TE samples are presented in Supplemental Table S2 .
A set of genes found differentially expressed based on RNA-seq results were selected for analysis using quantitative real-time RT-PCR (qRT-PCR). A similar trend in expression levels and differential expression between ICM and TE was observed when comparing qRT-PCR and RNA-seq results (Table 2) , validating the RNA-seq approach for determining single-embryo ICM and TE gene expression profiles.
One advantage of single-embryo transcriptome determination is the possibility of identifying the sex of the embryo [6] . We explored this possibility by comparing the levels of XIST expression between samples, given that XIST is expressed during X-chromosome inactivation in female cells. ICM_22, ICM_25, and TE_16 presented high levels of XIST expression (RPKM: 71.04, 69.64, and 53.67, respectively) and were likely derived from female embryos. On the other hand, ICM_15, TE_23, and TE_24 showed reduced levels of expression (RPKM: 0.70, 0.03, and 0.35, respectively) and were thus likely derived from male embryos.
Functional Annotation of ICM and TE Differentially Expressed Genes
Biological processes enriched in genes overexpressed in ICM were related mainly to phosphorylation, cytoskeleton organization, regeneration, cell morphogenesis involved in differentiation, and regulation of cell migration (Table 3 ). In contrast, the TE was enriched mainly in biological processes involving cellular transport, such as sodium ion, solute, and carboxylic acid transport (Table 4) .
Expression of Genes Related to Biological Processes Relevant to Horse Embryonic Development
RNA-seq results were mined to determine the expression of genes known to be associated with biological processes associated with horse blastocyst formation and early development. These included expression of lineage specific markers and epigenetic regulators, blastocyst expansion, and capsule formation. Results for selected genes are presented in Supplemental Tables S3-S6 and discussed in the following section. 
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DISCUSSION
This study represents the first comprehensive global characterization of gene expression of individual in vivo ICM and TE compartments from equine blastocysts. Use of RNAseq technology in ICM and TE allowed not only the comprehensive characterization of gene expression in these cell lineages but also the annotation of novel horse genes. The newly annotated genes were involved mainly in biological processes, such as transcription. Previous transcriptome studies of ICM and TE in other species used samples from multiple pooled blastocysts for analysis [1, 3] . Pooling methods mask individual embryo variability and gene expression heterogeneity, which is of increasing importance in basic research and medical sciences. Clustering samples based on their global gene expression patterns separated each sample to its corresponding type; however, more variability was observed among ICM samples, with ICM25 being the most deviant, while TEs clustered closer together. Higher variability in ICM may be contributed by differences in the differentiation state of the embryo or sample preparation. Considering that sample ICM25 could be an outlier, we also analyzed the data IQBAL ET AL. RNA-SEQ ANALYSIS OF HORSE EMBRYOS excluding this sample (not shown), and while the specific numbers of differentially expressed genes changed, the overall biological conclusions remained the same.
In an earlier bovine single-embryo study [6] , as well as in this one, we showed that single-embryo transcriptome analysis allows for the determination of embryonic sex. This is an important consideration given that significant differences in gene expression patterns have been reported for male and female embryos [6, 11] . However, the low number of samples within each group prevented us from incorporating embryo gender as a covariate. It is also important to recognize that some of the changes reported here could be due to the use of embryos obtained from superovulated mares, as it has previously been reported in mice that superovulation can affect the blastocyst transcriptome [12] .
Functional annotation of genes differentially expressed in ICM and TE showed that the developmental fate of each cell type is reflected by the respective transcriptome [13] . Major processes active in ICM were protein phosphorylation related to signaling pathways and morphogenesis/regeneration related to growth factors and signaling, whereas TE was enriched in cellular transport, placental development, and polymer glycosylation.
Expression of Pluripotency and Lineage Specific Markers
ICM and TE cell type-specific markers were directly explored in the RNA-seq transcriptome data to help elucidate mechanistic aspects of lineage determination in the early horse embryo (Fig. 4) . The ICM molecular signature included genes commonly associated with pluripotency and ICM specification, such as POU5F1 (OCT4), NANOG, SOX2, KLF4, LIN28B, DNMT3B, SMARCA2, UTF1, ID2, and SPP1. DPPA4 and SALL4 were also numerically higher in the ICM but did not reach statistical significance. SOX2, NANOG, SMARCA2, and SPP1 were exclusively expressed in ICM samples. In general, these expression patterns agree with what is commonly reported for other species [2, 3, 14] . Interestingly, ID2 was expressed higher in the ICM, similar to what has been recently reported for cattle embryos [2] but in contrast to reports in mice [14] . It is also worth noting that POU5F1 (OCT4) is expressed in both ICM and TE of horse blastocysts. In the RNAseq data, a significant 23 higher expression in the ICM was observed, while qPCR analysis revealed a 4FC, but because of high variability between samples, the difference was not statistically significant. Overall, these results are in agreement with reported immunostaining for OCT4 in in vivo-derived Day 7-8 horse embryos in which nuclear localization of the protein is observed in both ICM and TE, although with a reduced level in the TE [15] .
For Day 8-14 conceptuses, SPP1 has been shown to be expressed highest in Day 8 embryos [5] . SPP1 is controlled by upstream factor OCT4 in mouse ICM, implicating the role of SPP1 in ICM pluripotency. Exclusive expression of SPP1 solely in the ICM and downstream of OCT4 makes it a strong pluripotency marker candidate for horse ES cells. Furthermore, SOX2, SMARCA2, and NANOG appear as better ICM and pluripotency markers in these samples compared to other commonly used genes, such as POU5F1 (OCT4), due to the exclusivity of expression in the ICM.
We also investigated the expression of components of signaling pathways generally associated with pluripotent cells and ICM determination. FGF2 signaling has been shown to support pluripotency and self-renewal of human embryonic stem cells [11] , which have epiblast characteristics. FGF2 induces biological responses by binding to and activating fibroblast growth factor receptor (FGFR). Genes encoding FGF2 ligand and receptors, such as FGFR1, FGFR4, and GAB1, were selectively and significantly up-regulated in the ICM (FGFR1 and FGFR4; P , 0.05; Supplemental Table S3) , indicating a potential role in determining the pluripotent nature of the ICM, whereas GRB2 and FGFBP1 were expressed higher in TE (Supplemental Table S3 ). Transmembrane heparan sulfate proteoglycans, such as Syndecan-2 (SDC2), are able to bind FGF2 to heparan sulfate chains and present it to the FGFR1 [12] . SDC2 was 16.83 higher in the ICM as compared to TE.
Major downstream components of FGF signaling include mitogen-activated protein kinase (MAPK) pathway and phosphatidylinositol-3-kinase kinase (PI3K) stimulated by GAB1. MAPK1 and 2 (MEK1/2) and MAPK1 and 3 (ERK1/ 2) components were expressed in both compartments, with some up-regulated in the ICM (Supplemental Table S3 ). PI3K genes expressed in blastocyst included PIK3C2B, PIK3C3, PIK3CA, PIK3CB, PIK3R1, and PIK3R4, with PIK3C2A expressed 2.33 significantly higher in the ICM (Supplemental Table S3 ). Also, downstream effectors of these pathways, such as AKT and KRAS, were also expressed.
Active FGF signaling is essential for segregation of the ICM lineage from the PE lineage during blastocyst development [16] . Selective up-regulation of FGF signaling components in the ICM may promote the formation of PE in horse blastocysts at early developmental stages. Previous attempts to generate horse and other ungulate ES cells from the dissected ICM failed because the ICM grows into trophectodermal and PElike cells instead of ES cells, which can still form embryoidlike bodies similar to those formed by ESCs [17] . High FGF pathway activity in the horse ICM, as shown by our data, may interfere with the successful derivation of pluripotent horse ES cells.
In mouse stem cells and embryos, LIF signaling is required for maintaining pluripotency. We observed expression of genes associated with LIF signaling, such as receptors LIFR and IL (gp130), and downstream effectors and targets, such as JAK2, STAT3, and ID, that were significantly up-regulated (LIFR, IL, JAK2, and ID2; Supplemental Table S3) in the horse ICM compared to the TE. STAT1 and STAT3 were expressed in both ICM and TE, while the LIF ligand was expressed only in TE (Supplemental Table S3 ). These data support an active LIF signaling pathway in horse ICM cells and is reinforced by horse iPSC data in which LIF was used as a supplemental factor [18, 19] .
BMP signaling is also important for mouse ESC pluripotency. Ligands and receptors for BMP were expressed in the horse blastocyst. Importantly, a target of BMP activity in mouse, the inhibitor of differentiation (ID) gene, was upregulated in the horse ICM (Supplemental Table S3 ). Similarly, other members of the TGFb superfamily were expressed, suggesting active involvement of this pathway in early horse embryogenesis.
The TE molecular signature included genes such as transcription factors CDX2 and GATA3 and extracellular matrix protein FREM2 (Fig. 4) . While CDX2 was not statistically different between samples, similar to findings in bovine embryos [3] , the overall expression levels were low, and considering our RPKM thresholds for expression (RPKM . 0.4), these genes would be considered expressed in each of the three TE samples and none of the ICM samples. TEAD4 was also numerically higher only in the TE versus the ICM samples, but its downstream effector, GATA3, was significantly up-regulated in the TE. Overall, this information suggests that, like in mouse, TEAD4-stimulated GATA3 and CDX2 activity IQBAL ET AL.
are involved in specification of the TE in the horse. Also, consistent with the nutrient uptake and secretion properties of the trophectoderm, biological processes related to transport activities, were up-regulated in the TE (Fig. 4) .
Interestingly, PE markers such as GATA4, GATA6, FOXA2, HNF4A, and PDGFRA were present in both ICM and TE samples but typically at higher levels in the ICM. The presence of PE markers in transcriptome indicated that the PE lineage is already present in the Day 8 blastocyst, as previously reported [20] . Since the PE seems to develop and cover the inner surface of the blastocoele at an earlier stage in the horse embryos, it is possible that our ICM and TE isolation approaches resulted in contamination of both samples with PE cells but more significantly those of the ICM since all the PE would be included after the immunosurgery approach, while microsurgery would include only those PE cells in direct contact with the mural TE.
Lineage-specific data presented here not only validated the RNA-seq data but also provided insights into the expression patterns of pluripotent genes in different compartments of the equine blastocyst.
Expression of Epigenetic Regulators
Expression of genes regulating chromatin remodeling and DNA modification enzymes were also analyzed. DNA 
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methyltransferases DNMT1, DNMT3A, and DNMT3B (1.843 higher in ICM) were highly expressed (RPKM . 5, average of 41) in both ICM and TE (Supplemental Table S4 ). Some genes known to take part in active DNA demethylation, such as TET1, TET2, and GADD45A, were also present in both the ICM and TE, whereas TET3 was detected at a much lower level (RPKM , 2; Supplemental Table S4 ).
The expression of histone-modifying methylases, acetylases, demethylases, and deacetylases is summarized in Supplemental Table S4 . Genes encoding important histone modifiers that were expressed significantly higher in the ICM included HDAC5, SIRT1, JMJD1C, EZH2, KAT7, and KDM4A, whereas the histone modifiers expressed higher in TE were EHMT2, SMYD2, and SETBP1 (P , 0.05) [12] . Histone-modifying genes such as SET (average RPKM ¼ 129.74), HDAC1 (average RPKM ¼ 41.06), and NSD1 (average RPKM ¼ 38.72) were expressed at high levels in both lineages (Supplemental Table S4 ), suggesting that they are the major histone modifiers at Day 8 of horse development. High expression of epigenetic modifiers may underscore the active remodeling occurring at this stage of embryo development. Expression of many histone and DNA modification enzymes suggests active DNA and chromatin modification in the developing blastocyst, processes that have been shown to be critical for blastocyst development [21] .
Expression of Genes Involved in Blastocyst Growth and Expansion
Embryo development after Day 7 in the horse is characterized by a rapid increase in cell number and size due to cell proliferation and expansion of the blastocoel [13] . The expression profile of major genes associated with cell division was analyzed. Many cell cycle regulatory genes active in EScells [22] , including AURKA, AURKB, AURKC, CCNG1, CCNF, BUB1, MAD2L1, and CDC20, were expressed in both ICM and TE (Supplemental Table S6 ). Plasma membrane sodium/potassium pumps (Na þ , K þ -ATPase) facilitate the influx of fluid inside the blastocoel [23] . Na þ , K þ -pump ATP1A1, ATP1B1, and ATP1B3 were the major isoforms expressed (average RPKM . 50). Transport of fluid into the blastocoel is mediated by specialized proteins present in TE cells called aquaporin (AQP). Our results showed that aquaporin genes such as AQP3 and AQP5 were expressed with AQP5 up-regulated 3.633 (P , 0.05) in the TE. Transcripts for tight junction and gap junction proteins, important for morula compaction and blastocoel formation [13] , such as CLDN7, TJAP1, TJP1, TJP2, CDH1, OCLN, CGN, and GJA1 (CONNEXIN43) were also expressed. CDH1, CDH2, and CDH8 were expressed significantly higher in ICM (Supplemental Table S5 ). Gap junction gene GJC1 was expressed significantly higher in TE compared to ICM (Supplemental Table S5 ).
RNA-seq results showed that various mechanisms responsible for blastocyst formation and growth are active in Day 8 equine embryos.
Expression of Genes Related to Capsule Formation
When the horse embryo enters the uterus, late Day 5 after ovulation, a distinct acellular membrane is synthesized by the TE and deposited between the embryo and the zona pellucida, providing protection to the developing embryo [24, 25] . Capsule formation is a vital step in equine embryo development, and therefore analyzing its origin at the molecular level is critical to our understanding of this unique aspect of horse development. We explored our transcriptome data for components of pathways that may be responsible for synthesis of constituents of the capsule, as reported earlier [26] (Supplemental Table S6 ). Biochemically, the equine capsule is composed of mucin-like glycoproteins, mostly sialic acidNeu5Ac (more than 60%), and sugars, such as N-acetylgalactosamine (GalNAc), galactose (Gal), N-acetyl-glucosamine (GlcNAc), and sulfated polysaccharides [26] . Mucin secreted from the trophectoderm and maternal endometrium has been shown to be responsible for blastocyst capsule synthesis [27] . Our RNA-seq data revealed that mucin-coding genes, such as MUC1 and MUC20, were expressed in blastocysts at average RPKM . 1, suggesting a possible source for capsule mucoproteins. Other major genes involved in synthesis of proteoglycans, such as GALNT1, GALNT4, and GALNT12, were significantly higher in the TE compared to the ICM, whereas GALNT2, GALNT3, GALNT6, GALNT7, and GALNT10 were expressed in both tissues [28] . Genes coding for key enzymes catalyzing sialic acid biosynthesis, such as NAGK, NANS, CMAS, and GNE, were expressed in blastocysts, but GNE was significantly higher (2.423) in the TE. Sialyltransferases (SIAE, ST6GAL1, and ST8SIA2) [29, 30] were also expressed in blastocysts. A previous study identified sialidase NEU2 as one of the sialic acid-metabolizing enzymes secreted by the Day 8 horse blastocyst [31] . Based on the RNA-seq data, NEU1 seems to be the major sialidase expressed in the Day 8 blastocyst, whereas NEU2 and NEU3 were expressed at lower levels. Genes encoding enzymes responsible for GalNac metabolism, such as galactosyltransferase, acetylglucosaminyltransferase (B3GNT2), N-acetylgalactosaminyltransferase (B3GALNT1), sialyltransferase (ST3GAL4), and glycosyltransferase (GLT8D1) [29] , were expressed in the blastocyst, with sialyltransferase ST3GAL6 and ST3GAL1 expressed significantly higher in ICM and TE, respectively. Previously reported in horse blastocyst [5] , CMPsialic acid transporter (SLC35A1) and sialic acid transporter (SLC17A5) were expressed significantly higher in the TE. UDP-galactose transporters (SLC35A2 and SLC35A3 and SLC35A4) were expressed in both blastocyst compartments. Other transporters that play important roles in glycoprotein biosynthesis, such as SLC35B4 and SLC35B2, were also expressed in blastocyst but slightly higher in TE (1.333 and 2.043 higher, respectively). We also explored the RNA-seq data for genes encoding enzymes involved in biosynthesis of sulfated sugars, which is another important building block of the equine capsule [26] . Many genes encoding sulfotransferases were expressed in the blastocyst, such as carbohydrate sulfotransferases CHST8 and CHST10, whereas CHST4 was expressed significantly higher in the TE (3.153; P , 0.0001). Many heparan sulfotransferase genes, such as HS2ST1. were also expressed in the blastocyst. Transglutaminases (TGM3) have been proposed to play important role in rabbit blastocyst coat formation and reinforcement, which is biochemically similar to the horse capsule [32] . In Day 8 horse blastocysts, high levels of TGM3 are observed mainly in the TE (1.753; P , 0.05 higher than in the ICM). Our finding confirms the previous report of expression of capsule-related genes in the horse blastocyst [5] and also introduces many new genes. Several of the putative genes involved in capsule biosynthesis are selectively up-regulated in TE, suggesting an active role for the TE in capsule biosynthesis.
Taken together, our data provide comprehensive insight into the gene expression program during the first differentiation event in horse embryonic development. A comparative global expression profiling approach between ICM and TE revealed a subset of genes that were differentially expressed. ICM IQBAL ET AL.
transcriptome analysis provides clues as to the establishment and maintenance of horse pluripotent cells and could help in the derivation of horse ESCs and improve our understanding of the early horse developmental program. The identification of gene expression programs involved in ICM and TE will further our understanding of the complex molecular and cellular events in early developmental processes and provide a foundation for future studies of metabolism, growth, and differentiation in mammalian embryos.
